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ABSTRACT 


An  explosively  bonded  triclad  consisting  of  5456 
aluminum,  1100  aluminum,  and  ASTM  A516,  Grade  55  steel  is 
currently  in  use  as  a transition  joint  between  steel  hulls 
and  aluminum  superstructures  on  several  military  marine 
vehicles.  This  study  examines  some  of  the  corrosion  pro- 
cesses and  product  formations  that  take  place  when  this 
joint  is  exposed  to  the  marine  atmosphere.  Accelerated 
sea  spray  testing  was  performed  in  the  laboratory  to  simu- 
late in-service  conditions  with  joint  specimens  receiving 
exposures  of  varying  durations.  A corrosion  model  is  hypo- 
thesized and  photomicrographs  of  the  various  exposed  speci- 
mens are  presented  and  discussed. 
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I.  INTRODUCTION 


A.  THE  EXPLOSIVE-BONDING  PROCESS 

Explosive-bonding  is  a process  that  utilizes  the  tremen- 
dous pressures  developed  by  chemical  explosives  to  force 
metals  together  at  an  oblique  angle,  thereby  resulting  in  a 
metallurgical  bond  between  them.  By  definition,  metallurgi- 
cal bonding  results  if  the  cohesive  atomic  forces  of  the 
metals  in  contact  are  sufficient  to  permanently  joint  them. 
Joining  two  metals,  whether  similar  or  dissimilar,  with  co- 
hesive atomic  forces  is  very  difficult  to  achieve  in  practice. 
This  is  primarily  due  to  two  factors,  1)  atomic  interaction 
implies  atomic  closeness  and  2)  all  metals  have  surface  films 
on  them  in  a normal  atmospheric  environment.  Obviously  both 
factors  are  interrelated  but  they,  at  the  same  time,  require 
independent  consideration. 

All  surfaces  have  some  degree  of  contour  regardless  of 
the  method  of  manufacture.  These  contours  are  orders  of 
magnitude  larger  than  the  atomic  closeness  necessary  for 
metallurgical  bonding.  Therefore  some  means  of  resolving 
the  contour  differences  between  the  two  surfaces  must  be  in- 
cluded in  the  joining  process.  The  surface  films  usually 
are  oxides,  nitrides  or  absorbed  gases.  Some  method  of  dis- 
solving or  mechanical  cleaning  of  these  films  from  the 
surfaces  also  is  necessary. 
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These  two  factors  are  effectively  dealt  with  in  many 
common  joining  processes.  For  example,  fusion  welding,  braz- 
ing, and  soldering  are  joint  processes  that  effectively  dis- 
rupt surface  films  by  dissolution  or  melting  while  establish- 
ing the  necessary  intimacy  by  wetting  of  the  molten  phases. 
Likewise  roll  bonding,  friction  bonding,  and  ultrasonic  bond- 
ing disrupt  surface  films  by  severe  localized  deformation 
while  the  surfaces  are  maintained  in  contact  by  high  pressure. 
The  explosive-bonding  process  meets  the  requirements  for 
metallurgical  bonding  by  the  elimination  of  surface-film 
material  from  the  interface  area  and  the  concurrent  develop- 
ment of  a very  intimate  interfacial  contact.  Each  is  the 
result  of  the  high-pressure  oblique  collison  [2].  To  better 
understand  how  this  comes  about  a more  detailed  description 
of  explosion-bonding  is  necessary. 

The  mechanism  of  explosive  bonding  involves  high-pressure 
mechanics  and  fluid  flow.  When  the  collision  velocity  and 
angle  are  controlled  within  certain  limits,  the  surfaces  at 
the  point  of  collision  become  fluid  and  are  expelled  from 
the  apex  of  the  collision  angle.  The  flow  process  and  expul- 
sion of  the  surface  1 ayer are  cal  1 ed  jetting.  Typically, 
the  plates  being  bonded  must  collide  with  a velocity  of  1,000 
to  3,000  feet  per  second.  For  most  metals  a collision  at 
those  velocities  will  result  in  a shock-wave  pressure  in  the 
surface  layers  at  the  collision  point  of  1.5  x 106  to 
4.5  x 10^  psi.  At  such  pressures,  the  yield  strength  of 
most  materials  has  been  exceeded  by  about  100  times,  and  the 
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materials  tend  to  respond  in  a highly  plastic  or  fluid  man- 
ner [4].  Figure  1 [4]  gives  a stepwise  presentation  of  the 
probable  processes  that  take  place  during  explosive  bonding. 
The  wavy  interface  is  thought  to  be  due  to  fluctuations  in 
the  jet  at  the  collision  point.  The  fluctuations  in  flow 
would  be  caused  by  the  build-up  of  a hump  of  material  ahead 
of  the  collision  point  as  the  collision  point  races  across 
the  surface.  The  build-up  of  material  is  due  to  a slowing 
of  the  jet  by  collision  and  friction  with  the  metal  plates 
in  the  narrow  gap  between  them.  This  in  turn  interferes  with 
the  flow  process  as  the  jet  flow  meets  resistance  from  the 
mount  of  material  as  it  increases  in  size.  Eventually  the 
jet  flow  is  momentarily  i nterrupted,  and  the  cladding  plate 
folds  over  the  hump.  The  resistance  to  the  jet  flow  is 
thereby  relieved,  and  the  process  is  ^ree  to  repeat  itself 
[4],  Generally  two  manufacturing  geometries  are  used  for 
explosive  bonding.  These  are  1)  constant-interface  clearance 
and  2)  angular-interface  clearance,  both  of  which  are  shown 
schematically  in  Figure  2 [4],  The  constant-interface  geom- 
etry is  normally  employed  with  low  and  medium  velocity 
detonation.  For  a hi gh-detonati on-vel oci ty  explosive,  the 
angl ed-i nterface  geometry  is  normally  necessary  to  provide 
the  oblique  collision  and  plate  velocities  for  jetting  and 
bonding.  An  air  environment  normally  exists  in  the  inter- 
face during  the  bonding  process. 
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Figure  1.  Illustration  of  rippling  phenomenon  during  explosive  bonding. 


nwwvvwwwwwwwwuwwii ; 


metal 
.Constant  Interface 
clearance  gap 

Base  plate 


a.  Constant  Interface 


-Ex  plosive 
"Buffer 
"Clad  metal 


Angular  Interface 
clearance  gap 


Base  plate 


b.  Angled  Interface 


Explosive-metal  geometries  utilized 
to  accomplish  explosive  bonding. 


i "‘x 


B.  USES  OF  EXPLOSIVELY  BONDED  MATERIALS 

The  ability  to  join  metals  utilizing  controlled  explo- 
sives was  first  discovered  by  the  DuPont  Company  in  the  late 
1950's  [2],  Over  the  next  several  years  extensive  research 
was  undertaken  by  DuPont  to  develop  a commercially  viable 
production  process  out  of  their  discovery.  By  1964  they 
were  able  to  begin  manufacturing  explosively  bonded  materials 
for  industrial  use.  Initially  the  primary  emphasis  was  on 
marketing  a line  of  products  for  use  in  the  chemical  proces- 
sing industry.  The  extreme  environmental  conditions  under 
which  much  of  the  equipment  had  to  operate  in  the  chemical 
processing  industry  had  led  to  the  widespread  use  of  bimetal- 
lic construction.  Pressure  vessels  and  tanks  used  for 
settling  or  decomposition  of  chemicals  were  typical  examples 
of  bimetallic  components.  The  use  of  two  or  more  metals  in 
their  construction  helped  balance  the  cost  and  strength  re- 
quirements of  a particular  application  against  the  need  for 
corrosion  resistance.  More  often  than  not,  the  use  of  other 
than  a single  material  in  construction  led  to  severe  con- 
straints on  the  design  and  construction  of  the  vessels  con- 
cerned. Elaborate  techniques  were  needed  to  ensure  tight 
fitting  liners  or  for  ensuring  good  bonding  and  coverage  of 
sprayed-on  coatings.  Optimum  operational  configurations  some- 
times were  sacrificed  for  manufacturing  requirements.  On  the 
other  hand, exp  1 os i ve ly  bonded  materials  were  manufactured  in 
standard  flat  plate  and  tube  stock  sizes  and  then  formed 
through  conventional  shop  methods  into  the  desired  vessels. 


The  ability  of  explosion-bonded  composites  to  undergo  the 
various  industrial  forming  processes  and  still  maintain 
their  bond  created  a large  demand  for  them  in  other  indus- 
tries. One  of  the  more  notable  applications  is  the  new 
United  States  composite  coins.  These  materials  have  also 
been  widely  used  in  the  aerospace,  reactor,  and  cryogenics 
industries  for  joining  pipes  and  tubing  of  dissimilar  metals 
in  strong,  leaktight  bonds.  In  mid-1966  work  began  on  the 
development  of  explosion  bonded  composites  as  transition 
joints  between  aluminum  and  steel.  The  transition  joints 
were  in  the  form  of  blocks  and  strips  which  were  obtained 
by  sectioning  larger  qlad  plates.  Both  aluminum  and  steel 
could  then  be  attached  to  the  respective  faces  of  the  tran- 
sition pieces  by  welding.  The  motivating  force  behind  this 
research  was  the  desire  to  join  large  aluminum  bus  bars  to 
steel  anodes  and  cathodes  in  aluminum  smelting  plants.  The 
resulting  couple  proved  to  be  very  successful.  In  1967,  it 
was  decided  that  the  difficulties  the  marine  industry  faced 
with  mechanical  connections  between  aluminum  superstructures 
and  steel  hulls  could  be  solved  through  use  of  a similar 
joi nt. 

The  advent  of  radars,  communication,  and  electronic  war- 
fare equipment  had  drastically  increased  the  weight  in  the 
superstructure  of  modern  naval  vessels.  To  offset  this 
additional  weight  most  Navies  of  the  World  substituted  alumi- 
num for  steel  as  the  principal  structural  material  above 
the  main  deck.  Since  aluminum  cannot  be  welded  directly  to 


steel,  a mechanical  connection  such  as  illustrated  in  Figure 
3 was  used  [20].  Major  problems  with  corrosive  deterioration 
of  these  joi nts  were  common . Even  when  painted  and  insulated, 
random  areas  soon  became  exposed  to  the  marine  environment 
where  slight  working  of  the  structures  created  localized 
paint  and  insulation  failures.  The  presence  of  a natural 
mechanical  crevice,  as  well  as  the  significant  galvanic 
potential  between  aluminum  and  steel,  tended  to  result  in 
rapid  and  extensive  corrosion  in  these  areas.  Therefore  the 
possible  use  of  an  explosively  bonded  joint  seemed  very  pro- 
mising. Marine  joints,  unlike  the  electrical  transition 
joints  used  in  the  aluminum  smelters,  required  high  strength 
aluminum  and  impact  resistant  steel.  After  extensive  evalua- 
tion tests,  it  was  established  that  optimum  product  quality 
was  obtained  with  an  aluminum  alloy  such  as  5456  bonded  to 
A516  Grade  55  steel,  but  employing  an  interlayer  of  1100 
aluminum  between  them.  Figure  4 [2T]  illustrates  the  typical 
triclad  product  between  aluminum  and  steel  plates.  Figure  5 
[2]  demonstrates  a typical  shipboard  installation.  This 
product  is  marketed  as  DuPont  Detacoupl e®  whi ch  is  one  of  a 
line  of  products  called  Detaclad.  Detacoupl was  initially 
adopted  by  the  United  States  Navy  on  an  experimental  basis 
as  a repair  for  sections  of  deteriorated  mechanical  joints. 
More  recently  it  was  incorporated  into  the  basic  design  and 
production  of  the  new  Spruance  class  destroyer,  the  new 
Patrol  Frigate  and  LHA's. 
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C.  PREVIOUS  TESTING 

Testing  of  Detacouple®  transition  joints  to  date  has 
been  primarily  oriented  toward  proving  their  mechanical  pro- 
perties with  only  limited  research  into  corrosion.  This  is 
probably  due  in  part  to  the  discovery  that  the  major  factor 
for  the  mechanical  joint  failures  was  crevice  corrosion 
rather  than  galvanic  attack.  By  substituting  Detacouple® 
joints  the  natural  crevice  was  removed  thus  reducing  the 
probability  of  poor  service  performance  due  to  corrosion. 

The  mechanical  properties,  on  the  other  hand,  were  somewhat 
of  an  unknown  due  to  the  newness  of  the  product.  Mechanical 
checks  such  as  tensile  testing,  shear  testing,  fatigue 
testing,  and  hardness  testing  also  would  normally  be  included 
in  a quality  control  program  so  these  parameters  needed  to 
be  well  established.  DuPont,  in  a study  undertaken  in  con- 
junction with  the  development  of  Detacouple®  [2] , tested  the 
actual,  as  welded,  tensile  strength  of  the  composite  to  be 
13,500  psi.  Based  on  this,  a four-to-one  area  ratio  was 
sufficient  to  provide  the  transition  strip  with  slightly 
greater  strength  than  a 5456  aluminum  panel  welded  to  it. 
Other  tests  in  their  study  demonstrated  that  the  transition 
joints  had  much  more  than  adequate  shear,  impact,  and  crack 
propagation  resistance  [2].  During  evaluations  under  fatigue 
loading,  the  explosion-bonded  strip  far  exceeded  the  cycles 
to  failure  of  the  traditional  mechanical  joint. 

The  major  corrosion  study  of  Detacoupl e® transi tion 
joints  to  date  was  undertaken  by  the  Naval  Ship  Research 
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and  Development  Center,  at  Harbor  Island  and  Wrightsville 
Beach,  North  Carol i na, duri ng  1969,  1970  and  1971  [21].  The 
tests  consisted  of  exposing  samples  of  the  bonded  material 
with  attached  webs  to  the  marine  atmosphere  for  one  and  two 
years.  Microscopic  examination  revealed  that  the  aluminum 
initially  had  a slight  penetration  at  the  interface  as  anti- 
cipated. However,  rather  than  acting  as  a point  of  high  ion 
concentration  and  accelerating  corrosion,  the  area  quickly 
filled  with  corrosion  product.  The  initial  corrosion  prod- 
uct sealed  off  the  aluminum-steel  interface  from  the  corro- 
sion environment  and  reduced  the  corrosion  to  an  almost 
negligible  rate.  Over  the  initial  three  months,  corrosion 
penetrated  .027  inches  into  the  aluminum  at  the  interface. 
During  the  next  nine  months  the  penetration  increased  by 
only  .006  inches;  and  after  27  months  total  exposure,  the 
maximum  penetration  was  only  .042  inches.  DuPont  confirmed 
these  basic  results  utilizing  accelerated  salt  spray  tests 
(ASTM  B1 1 7-57T) [2] . In-service  testing  is  also  in  progress 
on  several  ships  of  the  United  States  Navy, but  as  yet  no 
results  have  been  published. 

All  of  these  tests  have  been  macroscopic  in  nature.  The 
present  study  was  undertaken  to  provide  a better  characteri- 
zation of  the  actual  corrosion  taking  place  and  to  again 
verify  previous  findings.  To  do  this  microscopic  techniques 
were  utilized. 
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D.  ELECTROCHEMICAL  BACKGROUND 

Most  metals  in  their  natural  state  exist  as  compounds 
(oxides,  sulfides,  etc;).  This  is  their  thermodynamically 
stable  state.  We  utilize  metals  for  the  most  part  only  after 
they  have  been  processed.  When  they  are  again  exposed  to  a 
natural  envi ronment, they  tend  to  revert  to  their  natural 
state  by  corroding  to  form  compounds.  Every  metal  requires 
certain  environmental  conditions  before  its  deterioration 
can  proceed.  To  determine  which  environments  promote  corro- 
sion on  which  metals,  the  laws  of  thermodynamics  must  be 
considered.  The  laws  of  thermodynamics  indicate  that  for 
a reaction  to  proceed  naturally,  the  reactants  must  experi- 
ence a negative  free-energy  change  (AG).  For  electrochemical 
reactions: 

AG  = -nFE 

where  n is  the  number  of  electrons  involved  in  the  reaction, 

F is  the  Faraday  constant,  and  E is  the  cell  potential.  The 
reaction  is  feasible  when  the  cell  potential  is  positive. 

Cell  potentials  are  determined  by  considering  separate  anode 
and  cathode  reactions.  Considering  the  anode  and  cathode 
reactions  separately  allows  us  to  compare  the  potential  dif- 
ference between  each  metal  and  its  ions  in  solution.  Some 
typical  half  cell  potentials  are  summarized  in  Table  1 [11]. 

Utilizing  Table  1 the  cell  potentials  for  aluminum  and 
steel  in  sea  water  solution  can  be  estimated.  Sea  water  is 
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Table  1.  Standard  oxidation-reduction  potentials 

Volts* 


Au 
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. + + + 
Au 
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3e 
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+ 4H+ 
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2H20 
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e 

+0.799 

_ +++ 
Fe 
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e 

3 

Fe++ 

+0.771 
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4e 
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40H" 

+0.401 

Cu 
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Cu++ 
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H2 

+0.000 

Ni 
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Ni 

+ 

2e 
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Fe 
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c + + 

Fe 
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2e 

-0.440 

Cr 
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o + + + 

Cr 

+ 

3e 

-0.744 

Zn 

= 

Zn++ 
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2e 

-0.763 

A1 

3 

Al+++ 

+ 

2e 

-1.662 

Na 

S 

Na  + 

+ 

e 

-2.714 

★ 

Volts  versus  normal  hydrogen  electrode  at  25  C. 
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slightly  alkaline;  therefore  the  most  likely  reactions  would 
be : 

++  - 
Fe  -*•  Fe  + 2e 

...  Oxidation 

A1  - A1  + 3e" 

02  + 2H20  + 4e"  -*•  40H"  Reduction 

E (Steel ) = E(02/0H")  - E(Fe/Fe++) 

= +0.401  - (0.440) 

= +0 . 841 v 

E(Aluminum)  = E(02/0H")  - E(A1/A1+++) 

= +0.401  - (-1  .662) 

= +2.063V 


Since  both  cell  potentials  are  positive,  the  free  energy 
changes  for  both  reactions  would  be  negative  and  both  re- 
actions are  feasible  (see  note). 

While  the  reactions  are  possible,  the  environment  should 
be  examined  to  determine  their  likelihood.  Testing  of  the 
Detacouple  samples  in  this  study  was  accomplished  by  period- 
ically spraying  them  with  artificial  sea  water.  For  purposes 
of  discussion,  variations  in  environment  during  testing  can 
be  put  into  four  distinct  categories  [25]: 

1)  Dry  air 

2)  Moist  atmosphere 

3)  Wet  atmosphere 

4)  Immersed 

The  dry  air  exposure  considerations  are  necessary  because 
each  sample  was  usually  exposed  to  room  air  conditions  for  a 
minimum  of  one  hour  prior  to  being  placed  into  the  test  tank 
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environment.  Deterioration  during  this  time  would  proceed 
by  purely  chemical  reaction  with  gaseous  agents,  such  as 
atmospheric  oxygen,  hydrogen  sulfide,  etc.  The  growth  of 
a thin  oxidized  layer  will  be  maximum  during  the  first  few 
minutes  after  sanding,  and  will  nearly  cease  after  two  to 
three  hours.  The  layer  formed  would  be  expected  to  range  in 

O 

thickness  from  10  to  100A  and  not  be  visible  to  the  naked 
eye.  Figure  6 [25]  shows  the  characteristic  decrease  of 
corrosion  in  dry  air  with  time. 

Once  the  samples  are  placed  within  the  atmosphere  of  the 
testing  tank  they  repeatedly  experience  the  other  three  en- 
vironmental categories.  Before  going  into  the  specifics  of 

each  category,  some  characteristics  of  the  samples  should 

/s\ 

first  be  examined.  Detacoup 1 ew  i s made  of  bonded  aluminum 
and  steel  so  that  in  the  presence  of  an  electrolyte  there 
is  a possibility  of  galvanic  attack.  For  this  situation, 
the  basic  equations  for  single-metal  corrosion  processes  do 
not  change,  but  the  relative  rates  at  which  they  proceed  are 
different.  Bimetallic  couples  in  the  presence  of  a conduc- 
tive solution  tend  to  accelerate  corrosion  of  the  more 
active  metal  and  retard  corrosion  on  the  more  noble.  Table 
2 [7]  indicates  the  relative  standings  of  various  metals  in 
the  galvanic  series  in  sea  water.  Aluminum  is  more. active 
than  steel  and  would  therefore  experience  accelerated  corro- 
sion due  to  a couple.  The  increased  oxidation  would  normal- 
ly be  most  pronounced  at  the  junction  of  the  two  metals; 
and  if  the  electrolyte  is  highly  conducti ve , i t can  be  sus- 
tained farther  away  as  well.  When  the  conducting  solution 
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Figure  6 


Kinetics  of  the  growth  of  oxide  films  on 
various  metals  at  room  temperature  in  oxygen 
or  dry  air. 
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Table  2. 


Galvanic  series  of  some  commercial  metals  and 
alloys  in  seawater 


t 

Noble  or 
cathodic 


Active  or 
anodic 

+ 


Platinum 

Gold 

Graphi te 
Ti tani urn 
Silver 

Chlorimet  3 (62  Ni,  18  Cr,  18  Mo) 

Hastelloy  C (62  Ni , 17  Cr,  15  Mo) 

18-8  Mo  stainless  steel  (passive) 

18-8  stainless  steel  (passive) 

Chromium  stainless  steel  11-30%  Cr  (passive) 
Inconel  (passive)  (80  Ni,  13  Cr,  7 Fe) 

Nickel  (passive) 

Silver  solder 
Monel  (70  Ni , 30  Cu ) 

Cupronickels  (60-90  Cu,  40-10  Ni) 

Bronzes  (Cu-Sn) 

Copper 

Brasses  (Cu-Zn) 

Chlorimet  2 (66  Ni,  32  Mo,  1 Fe) 

Hastelloy  B (60  Ni , 30  Mo,  6 Fe,  1 Mn) 
Inconel  (active) 

Nickel  (active) 

Tin 

Lead 

Lead-tin  solders 

18-8  Mo  stainless  steel  (active) 

18-8  stainless  steel  (active) 

Ni -Resist  (high  Ni  cast  iron) 

Chromium  stainless  steel,  13%  Cr  (active) 
Cast  iron 
Steel  or  iron 

2024  aluminum  (4.5  Cu,  1.5  Mg,  0.6  Mn) 

Cadmi urn 

Commercially  pure  aluminum  (1100) 

Zinc 

Magnesium  and  magnesium  alloys 
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does  not  cover  the  interface  of  the  bimetallic  couple,  each 
metal  corrodes  independently.  Localized  single-metal  electro 
chemical  corrosion  occurs  on  each  metal  surface  whenever 
there  is  sufficient  electrolyte. 

In  the  last  three  environmental  categories,  galvanic 
attack  at  the  bimetallic  interface  and  localized  electro- 
chemical corrosion  can  occur  simultaneously  depending  on 
the  location  on  the  specimen  and  distribution  of  the  electro- 
lyte. The  distinction  between  the  categories  is  mainly  in 
terms  of  the  rate  at  which  processes  take  place  and  of  what 
happens  to  corrosion  products  once  they  are  formed. 

In  the  category  of  moist  atmospheric  corrosion,  relative 
humidity  is  less  than  100%.  Corrosion  proceeds  under  an  ex- 
temely  thin,  invisible  film  of  electrolyte  formed  on  the 
surface  by  capillary  action,  adsorption,  chemical  condensa- 
tion, or  partial  drying  of  a thicker  film.  The  film 
thickness  is  generally  on  the  order  of  1 00 A to  lym  in  this 
category.  With  this  thin  film  of  electrolyte  the  rate  of 
corrosion  is  very  rapid  due  to  the  nearly  unimpaired  diffu- 
sion of  oxygen.  Also,  the  radius  of  activity  of  the  micro- 
cells  is  very  small.  The  initial  products  of  the  anodic 
reaction  (metal  ions)  and  the  cathode  reaction  (OH-  ions) 
subsequently  react  within  the  electrolyte  directly  adjacent 
to  the  metal  surface,  leading  to  the  formation  of  several 
hydrous  and  anhydrous  oxides  (for  both  the  aluminum  and  the 
steel),  which  tend  to  adhere  to  their  respective  surfaces 
far  better  than  they  would  during  immersion  corrosion. 


Category  three  is  wet  atmospheric  corrosion.  The  elec- 
trolyte thickness  here  ranges  from  lym  to  1 mm  and  is  nor- 
mally in  the  form  of  droplets  either  from  additional  conden- 
sation from  the  moist  atmospheric  phase  or  from  some  drying 
after  immersion.  This  conforms  to  100%  relative  humidity. 

This  category  is  distinguished  from  the  moist  atmosphere 
mainly  by  a slight  reduction  in  corrosion  rate  with  the  main 
reason  for  the  decrease  being  poorer  oxygen  diffusion  through 
the  thickened  film.  There  is  also  relatively  less  product 
adhesion  to  the  surface. 

Category  four  includes  any  electrolyte  film  thickness 
over  1 mm  and  is  considered  effectively  total  immersion.  In 
these  experiments,  the  duration  of  "immersion"  for  each 
cycle  while  in  the  test  tank  is  considered  to  be  quite  brief 
compared  to  the  other  two  categories  (categories  two  and 
three).  One  group  of  samples  was  immersed  for  an  estimated 
two  seconds  out  of  a two-minute  cycle,  while  another  group  was 
immersed  for  about  five  seconds  out  of  a five  minute  cycle. 
Besides  this  time  difference,  the  category  four  environment 
leads  to  a further  slight  decrease  in  the  rate  of  reaction 
due  to  lower  oxygen  in  solution  at  the  metal  surface.  Also 
the  subsequent  products  of  the  surface  reaction  tend  to  be 
carried  away. 

Figure  7 [.25]  summarizes  the  relationship  between  the 
rate  of  corrosion  and  the  moisture  film. 


Other  important  facets  of  the  corrosion  process  are  the 
roles  of  passivation,  aggressive  anions,  and  polarization. 


A metal  is  said  to  be  passive  in  an  environment  if  it  shows 
a very  low  corrosion  rate,  when  thermodynamically  it  would 
be  expected  to  corrode  rapidly.  Passivation  is  generally 
associated  with  oxidizing  media  (high,  positive  potential) 
and  the  formation  of  thin  protective  oxide  films  [18,  23]. 

If  a metal  can  be  oxidized  to  an  oxide  that  is  stable  in  the 
electrolyte,  then  the  metal  is  passivated.  Passive  films 
have  some  electrical  conductivity.  They  are  not  insulators. 
Consequently  the  passive  film  can  only  protect  the  underlying 
metal  under  comparatively  low  potential  conditions.  If  the 
potential  i ncreases,  then  the  current  also  increases  by  a rise 
in  anodic  action.  Figure  8 [23]  shows  a typical  anodic 
polarization  curve  for  a specimen  exhibiting  passivity. 
Potential  increases  in  the  region  between  C and  D do  not  lead 
to  increased  anodic  activity  while  increases  above  D once 
again  lead  to  increased  corrosion.  If  the  oxide  film  is 
soluble  in  the  electrolyte, the  corrosion  rate  will  be  con- 
trolled by  the  growth  of  the  film.  The  film  growth  is  in- 
versely related  to  the  resistance  of  the  film.  When  the  film 
thins  by  going  into  solution,  the  rate  of  corrosion  and,  hence, 
film  growth  increases,  and,  conversely,  when  the  film  thickens, 
the  corrosion  and  growth  rates  decrease.  At  equilibrium  the 
oxide  layer  is  maintained  at  a constant  thickness. 

Passivity  cannot  be  easily  established  nor  maintained  in 
the  presence  of  aggressive  anions  such  as  Cl".  As  the  concen- 
tration of  such  ions  is  i ncreased,  they  compete  with  the 
oxidizing  species  and  become  incorporated  into  the  film. 
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This  produces  lattice  defects,  thereby  reducing  the  resisti- 
vity of  the  oxide.  The  effect  of  the  decreased  resistance 
is  an  increase  in  current  density  in  the  passified  range  of 
potentials.  Likewise  the  potential  level  at  which  passifi- 
cation  begins  is  raised  while  the  overall  range  of  passive 
potentials  decreases.  These  influences  are  graphically  illus- 
trated in  Figure  9 [23]. 

/ 

Polarization  is  defined  as  a change  in  electrode  poten- 
tial as  current  flows  to  or  from  it  (anode  or  cathode).  As 
polarization  increases,  the  rate  of  corrosion  decreases. 

There  are  basically  three  reasons  for  polarization:  activa- 
tion, concentration,  and  IR-drop.  Activation  polarization 
is  the  result  of  one  step  in  a reaction  sequence  at  either 
the  anode  or  cathode  being  slower  than  the  others  and  there- 
by controlling  the  overall  rate.  The  term  activation  is 
derived  from  the  need  for  a certain  quantity  of  activation 
energy  before  a particular  step  in  a chain  can  occur.  This 
type  of  polarization  takes  place  at  the  interface  between 
the  metal  and  the  electrolyte. 

Concentration  polarization,  on  the  other  hand,  is  a 
function  of  the  electrolyte.  In  this  case,  the  electrochemi- 
cal reactions  are  controlled  by  the  diffusion  rate  within 
the  electrolyte.  The  species  to  be  reduced  must  arrive  at 
the  metal  surface  in  sufficient  quantity  to  sustain  a given 
reaction  rate.  Concentration  polarization  generally  pre- 
dominates when  the  concentration  of  reducible  species  is 
small  (e.g.  dilute  acids,  aerated  salt  sol utions)  [7] . 
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Figure  9.  The  effect  of  chloride  ion  upon  the  anodic 

polarization  curve  for  a metal  that  exhibits 
passivity. 

A.  No  chloride  ions  present. 

B.  A low  concentration  of  chloride  ions. 

C.  A high  concentration  of  chloride  ions. 
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IR-drop  polarization  includes  potential  drop  through  a por- 
tion of  the  electrolyte  surrounding  the  electrode,  through 
any  oxide  type  film  on  the  electrode  surface,  or  both. 

The  ultimate  corrosion  rate  of  any  metal  or  combination 
of  metals  J Dends  then  not  only  on  the  environmental  condi- 
tions but  ac»o  on  the  existence  of  aggressive  anions,  forma- 
tion of  passivating  films,  polarization  dynamics,  and  all 
their  possible  interactions. 


E.  CORROSION  MODEL 

Figure  10  is  a schematic  presentation  of  a sample  with 
its  moisture  film  and  probable  reactions.  The  sample  was 
initially  devoid  of  protective  coatings  such  as  greases  or 
paints,  with  the  exception  of  the  previously  discussed  thin 
film  formed  in  dry  air.  Upon  entering  the  test  tank  the 
following  occurs: 

1 ) Fe  -*•  Fe++  + 2e" 

2)  A1  - Al+++  + 3e~ 

3)  02  + 2e“  + H20  -*•  40H' 

Once  a sufficient  number  of  ferrous  ions  and  hydroxide  ions 
are  formed  they  further  react  to  form  hydrated  ferric  oxide 
(rust),  with  a chemical  composition  approximating  2Fe203*3H20, 
as  follows: 

4Fe++  +02(g)+(4+2x)H20+  2(Fe203*xH20)  (s)  + 8H+ 

Likewise,  aluminum  ions  and  hydroxide  ions  react  to  form  hy- 
drated alumina  (A1203*H20)  or  aluminum  hydroxide  (A1(0H)3). 
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Figure  10.  Corrosion  model. 
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Figure  11.  Pourbaix  diagram  shows  theoretical  conditions 
for  corrosion  of  metallic  iron. 
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Figure  12.  Pourbaix  diagram  shows  theoretical  conditions 
for  corrosion  of  metallic  aluminum. 


The  reactions  are: 

2 A 1 ( s ) + 3/2  02(g)  + xH20  - A1203*xH20 
or  Al  +++  + 30H  A1  (OH)  3 

Both  then  precipitate  to  the  surface  of  the  sample  to  form 
protective  coatings.  Figures  11  and  12  show  simplified 
Pourbaix  diagrams  [22]  for  iron  and  aluminum  respectively. 
Recalling  the  oxidation  reduction  potentials  that  were  cal- 
culated for  Al+++  and  Fe++,it  can  be  seen  that  passivation 
is  likely  within  the  pH  range  of  the  test  environment. 

Complicating  the  model  is  the  Cl"  ion  formed  naturally 
in  solution  by  the  major  constitutent  of  sea  water,  NaCl . 

As  mentioned  the  Cl"  ion  tends  to  reduce  the  resistance  to 
dissolution  of  the  oxide  layers.  However,  aluminum  hydroxide 
becomes  progressively  more  difficult  to  dissolve  after  it  has 
set  for  a period  of  time,  so  that,  a general  thickening  of 
the  protective  layer  could  be  anticipated  to  offset  the  ten- 
dency to  dissolve  in  the  presence  of  Cl”  ion.  Ferric  oxide, 
however,  is  less  insoluble.  Therefore  it  could  be  antici- 
pated that  a passivation  layer  would  never  grow  sufficiently 
on  the  steel  while  in  the  Cl"  environment,  and  the  steel 
section  of  the  samples  would  continue  to  rust. 

Gravity  also  plays  an  important  role  during  the  corro- 
sion process  in  the  present  situation.  Since  the  aluminum 
half  of  the  bimetallic  couple  is  located  physically  above 
the  steel  half,  a certain  amount  of  hydrated  alumina  could 
be  expected  to  precipitate  onto  the  steel  near  the  interface. 
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The  various  thicknesses  of  electrolyte  experienced  during 
each  cycle  should  contribute  only  to  the  rate  of  oxide  forma- 
tion but  not  to  the  end  results.  If  the  length  of  immersion 
per  cycle  were  significantly  increased  then  a reduction  or 
loss  of  passivation  would  likely  occur  (assuming  this  was 
done  at  the  beginning  of  the  experiment). 

It  should  be  understood  that  the  model  presented  here 
is  a very  simplified  one.  Many  other  reactions  occur  and 
several  other  factors  have  an  affect,  but  the  fundamental 
reactions  and  results  predicted  should  be  reasonably 
accurate. 
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II.  EXPERIMENTAL  STRUCTURE 


A.  APPARATUS 

The  purpose  of  this  investigation  was  to  study  and 
characterize  the  corrosion  processes  on  Detacoupl  e®  joints 
exposed  to  the  marine  environment.  Care  was  taken  to  use 
an  experimental  setup  that  would  yield  not  only  reproducible 
results  but  also  utilize  standardized  and  accepted  testing 
techniques.  The  American  Society  for  Tests  and  Materials 
(ASTM)  standard  method  of  salt  spray  testing,  designation 
B117-73,  was  used  for  reference  during  the  test  assembly 
construction. 

1 . Tank  Assembly 

The  tank  used  for  this  experiment  was  constructed 
from  Marine  grade  plywood  and  painted  with  a non-reacting 
water  sealing  paint.  Its  dimensions  were  127  cm  (50  in) 
long,  76.2  cm  (30  in)  wide,  and  31.75  cm  (12.5  in)  deep. 
Artificial  sea  water  was  maintained  to  a level  of  about  4.5 
cm  (1  3/4  i n ) (approxi matl ey  15  gallons)  in  the  bottom  of  the 
tank  at  all  times.  A baffle  plate  above  the  water  level 
separated  the  tank  into  two  chambers  which  allowed  sample 
exposure  variations  while  assuring  simulitude  of  spray  water 
makeup.  Plexiglass  covered  the  tank  to  reduce  evaporation 
water  losses  and  at  the  same  time  permit  inspection  while 
spraying  was  in  progress. 
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Within  each  chamber  a spoked,  stainless  steel  rim  50.8 
cm  (20  in)  in  diameter  and  15.26  cm  (6  in)  wide  rotated  in  a 
horizontal  plane.  Stainless  steel  shafts  extended  from  the 
bottom  of  the  tank  through  the  centers  of  the  spokes  in  the 
rims,  through  bearings  in  the  top  of  the  tank  to  pulleys 
which  were  driven  by  synchronous  motors.  Figure  13  shows 
the  test  tank  with  one  of  the  rim  assemblies  removed  and 
set  on  top. 

Test  samples  were  placed  on  each  rotating  rim  with 
plexiglass  holders.  These  holders  allowed  installation 
and  removal  of  samples  without  interrupting  the  exposure 
process.  They  also  provided  insulation  between  the  sample, 
rim,  and  adjacent  specimens.  Rubber  cement  was  utilized 
to  mount  the  samples  to  their  holders.  Figure  14  shows  a 
close  up  view  of  a rim  assembly  with  a sample  installed. 

Each  chamber  of  the  test  tank  also  contained  a 
spray  nozzle  mechanism.  The  nozzle  assembly  extended  from 
the  bottom  of  the  tank  and  sprayed  continuously  as  the 
samples  rotated  by  it.  The  nozzles  were  designed  to  minimize 
the  direct  impingement  velocity  of  the  spray  mist  on  the 
samples.  A single  stream  of  sea  water  at  very  low  pressure 
exited  from  the  center  of  the  nozzle  while  two  jets  of  air, 
at  3 to  5 psi,  were  directed  at  45°  angles. 

The  net  effect  of  this  design  was  to  flatten  out  the 
water  stream  and  create  a fine  vertical  line  of  mist  much 
like  that  provided  by  a normal  spray  painting  gun.  Figure 
15  shows  a rim  assembly  installed  in  its  chamber  with  a 
nozzle  assembly  in  the  upper  right  chamber  corner. 
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ith  one  rim  assembly  removed 
aced  on  top. 


2 . Mi croscopes 


Three  different  microscopes  were  used  in  performing 
the  analysis  of  the  corrosion  process.  For  very  low  magni- 
fication studies  a Bausch  and  Lomb  7x  to  30x  binocular  micro- 
scope was  utilized.  Low  magnification  viewing  helped  to 
establish  a basic  standard  surface  finish  on  prepared  samples. 
In  the  intermediate  range  of  magnification,  80x  - 800x,  some 
studies  were  done  on  a Bausch  and  Lomb  Dynazoom  Bench  Metallo- 
graph.  This  instrument  has  a very  limited  depth  of  focus 
and  therefore  was  used  only  to  view  polished  samples  prior 
to  testing..  Examination  of  the  wavy  interface  and  the  vortex 
area  of  the  waves  was  performed  with  the  bench  metal  1 ograph . 

The  bulk  of  microscopic  research  during  this  study 
was  accomplished  with  the  Cambridge  Model  S4-10  Scanning 
Electron  Microscope  (SEM)  and  attached  Princeton  Gamma-Tech 
PGT-1000  X-ray  Analyzer,  Figure  16.  The  scanning  electron 
microscope  utilizes  a condensed  beam  of  electrons  in  much 
the  same  way  as  a light  microscope  uses  light  rays.  Electrons 
are  emitted  from  an  electron  gun  and  pass  through  a series  of 
electromagnetic  condensing  lenses.  These  lenses  direct  the 
beam  in  a scanning  fashion  over  the  surface  of  the  specimen. 
When  the  electrons  strike  the  sample,  some  are  backscattered 
(reflected),  and  others  cause  secondary  electron  emissions. 

The  specimen  is  tilted  in  such  a way  that  some  of  the  back- 
scattered  and  secondary  electrons  collide  with  a collector. 

The  signal  from  the  collector  is  coordinated  with  the  scan 
of  the  angle  and  is  displayed  after  processing  on  a 
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Figure  16.  Cambridge  Model  S4-10  Scanning  Electron 
Microscope  (SEM)  and  attached  Princeton 
Gamma-Tech  PGT-1000  X-ray  Analyzer. 
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long-persistence  visual  display  cathode  ray  tube  (CRT). 
Magnification  is  achieved  by  reducing  the  size  of  the  scan 
on  the  specimen  while  holding  the  size  of  the  image  on  the 
CRT  the  same. 

The  SEM  is  an  excellent  tool  for  this  type  of  re- 
search because  of  its  great  depth  of  field  and  many  built-in 
control  features.  The  biasing  mechanism  was  particularly 
useful  in  this  study.  It  biased  the  collector  against  the 
secondary  electrons.  By  utilizing  this,  the  CRT  image  became 
a representation  of  backscattered  electrons.  The  number  of 
electrons  backscattered  from  any  specific  location  on  a 
specimen  was  directly  related  to  the  density  of  the  specimen 
material  at  that  location.  While  examining  the  area  imme- 


diately adjacent  to  the  interface,  using  high  magnification, 
it  was  often  necessary  to  resort  to  this  control  to  separate 
the  more  dense  steel  from  the  lighter  aluminum. 

The  PGT-1000  is  an  energy-dispersive  x-ray  analyzer. 
As  the  atoms  of  the  specimen  are  excited  by  the  incoming 
electrons,  some  x-ray  emissions  also  occur.  Atoms  of  each 
atomic  element  emit  x-ray  quanta  of  characteristic  energy. 

The  x-rays  from  the  specimen  impinge  on  a silicon  detector 
which  in  turn  creates  amplified  pulses.  The  amplified  pulses 


are  then  sorted  according  to  pulse  height  (energy)  and  dis- 
played on  a CRT  screen  as  the  number  of  pulses  of  a given 
energy  (represented  by  the  relative  height  of  lines  across 
the  screen)  versus  energy. 


This  system  is  very  quick  but  normally  is  only  used 
for  qualitative  analysis  of  specimens.  A major  drawback  to 
its  usefulness  in  this  research  was  its  inability  to  identify 
compounds  and  elements  below  about  eight  on  the  atomic  chart. 
Even  with  these  drawbacks  it  was  still  useful  for  checking 
elemental  consistencies  of  corrosion  product  formations. 

B.  PROCEDURES 

The  Detacouple  samples  used  in  this  experiment  were  ma- 
chined from  45.75  cm  (18  in)  long  bars  of  2.54  cm  (1  in)  wide 
triclad  consisting  of  6.35  mm  in)  of  5456-H117  aluminum 
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alloy,  on  9.53  mm  (g  in)  of  1100  aluminum  alloy,  on  19.05  mm 

3 

(j  in)  of  ASTM  A516  grade  55  steel.  This  material  conforms 
with  both  military  and  DuPont  specifications  [5,6]  and  was 
supplied  by  Naval  Ship  Research  and  Development  Center,  Anna- 
polis Laboratory,  Annapolis,  Maryland.  Each  specimen  was  ma- 
chined to  ensure  that  the  bond  profile  exposed  in  the  test 
tank  would  be  identical  to  the  profile  that  would  see  in-ser- 
vice exposure.  After  machining,  the  samples  were  the  depth 
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of  the  triclad,  3.49  cm  (1  g in),  with  1.27  cm  (%  in)  width, 
and  6.35  mm  (k  in)  thickness.  Care  was  taken  at  this  point  to 
eliminate  any  sample  that  could  be  considered  abnormal,  i.e., 
unusually  large  wave  vortices,  voids,  or  deep  machining 
grooves.  As  a further  step  to  ensure  uniformity,  all  speci- 
mens were  given  a standard  surface  finish.  Belt  sanding 
with  a #50  grit  size  sand  paper  was  used  in  this  case  because 
the  resulting  grooves  were  similar  in  size  to  those  that 
would  be  left  during  the  manufacturing  of  the  joints.  All 


sanding  was  done  from  the  steel  section  toward  the  aluminum 
section  to  avoid  wiping  the  softer  aluminum  over  the  inter- 
face thereby  obscuring  the  interface  reaction.  Each  sample 
was  then  given  an  identification  number  and  mounted  on  a 
plexiglass  holder.  Once  on  a holder  the  specimens  were 
placed  on  one  of  the  two  specimen  wheels  for  predetermined 
periods  of  exposure. 

All  tests  were  run  with  artificial  sea  water  that  was 
prepared  in  the  laboratory  just  prior  to  the  initiation  of 
the  experiment  [19]. 

During  the  exposure  runs  each  sample  wheel  rotated  at 
a different  speed.  This  was  an  attempt  to  see  if  there 
were  any  correlations  between  exposures  to  spray,  duration 
of  exposure  and  the  extent  of  corrosion.  In  this  study 
one  wheel  rotated  at  a constant  1/5  rpm  and  the  other  ro- 
tated at  1/2  rpm.  This  results  in  12  and  30  spray  exposures 
per  hour  respectively. 

The  length  of  time  in  the  test  tank  during  the  experi- 
ment ranged  from  30  minutes  to  9 weeks.  During  this  time 
span,  periodic  checks  were  made  on  the  sea  water  for  conduc- 
tivity and  pH.  Conductivity  was  maintained  between  41.0  and 
45.0  millimhos  and  pH  was  maintained  between  7.6  and  8.3. 
This  normally  required  the  addition  of  distilled  water  to 
compensate  for  evaporative  losses  and  occasional  added  aera- 
tions. Aeration  was  accomplished  by  bubbling  low  pressure 
air  through  the  tank  water.  Temperatures  during  the  testing 


period  ranged  from  a low  of  20  1/2°C  to  a high  of  23°C  with 
the  predominant  temperature  being  21°C. 

Samples  were  removed  frequently  during  the  first  two 
days  and  weekly  thereafter.  In  each  case  a sample  was  re- 
moved from  each  wheel  so  that  they  could  be  compared. 

Samples  were  immediately  rinsed  in  distilled  water  when 
they  were  removed  from  the  tank  and  then  air  dried.  After 
they  had  dried  suf f i ci ently , they  were  carefully  trimmed  to 
fit  on  a 1/2-inch  diameter  holder  used  in  the  SEM.  Excessive 
heating  was  avoided  during  this  process  so  that  the  surface 
formation  would  not  be  damaged. 
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III.  RESULTS  AND  DISCUSSION 


A.  UNEXPOSED  SAMPLE 

To  understand  the  corrosion  that  takes  place  during  ex- 
posure, a clear  picture  of  the  bond  interface  profile  is 
necessary.  For  purposes  of  discussion  the  term  exposure 
will  refer  only  to  the  time  in  the  testing  tank  and  will  ex- 
clude the  air  environment  before  and  after  that  period. 
Therefore  unexposed  samples  would  be  those  samples  which 
have  not  been  in  the  test  tank. 

In  order  to  bring  out  some  salient  features,  an  unex- 
posed sample  was  mounted  in  bakelite,  sanded  with  a series 
of  fine  grit  sandpapers  and  given  a final  finish  on  a 
diamond  impregnated  polishing  wheel.  While  this  procedure 
was  relatively  quick  and  easy,  it  had  a major  drawback. 

The  1100  aluminum  in  the  center  of  the  sample  is  much 
softer  than  either  the  5456  aluminum  or  ASTM  A516  steel 
and,  therefore,  was  preferentially  removed.  A perceptible 
ridge  at  the  respective  interfaces  resulted,  with  the  1100 
aluminum  being  slightly  lower  than  either  of  the  other 
metals.  This  was  not  a serious  handicap  to  viewing  with 
the  binocular  microscope  but  made  extensive  interface  ex- 
amination on  the  bench  metallograph  almost  impossible. 

Figure  17  is  a binocular  photomi crograph  of  a 125  mm- 
square  segment  cut  from  the  center  of  a standard  test 
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sample  and  prepared  as  described.  Both  bonds  were  accom- 
plished with  the  explosion  process  proceeding  from  left  to 
right.  A significant  difference  in  the  bond  profiles  is 
readily  observed  in  this  picture.  These  profiles  were 
found  to  be  typical  for  the  Detacoupl ^tricl ad.  The  bond- 
ing procedures  for  this  material  call  for  the  1100  aluminum 
to  be  bonded  to  the  5456  alloy  base  and  then  for  that  com- 
posite to  be  bonded  to  the  steel.  The  result  of  this 
sequence  is  observed  in  Figure  17.  Comparing  this  to  Figure 
1 it  can  be  seen  that  the  aluminum  to  aluminum  interface 
tends  to  be  made  of  waves  that  are  relatively  high  with  flat 
crests,  tails,  and  short  forward  trunks.  On  the  other  hand, 
the  steel-to-al uminum  profile  shows  a complete  lack  of  a 
tail,  a lower  extended  rolling  crest,  and  an  extreme  front 
trunk  and  vortex  complex.  Almost  all  the  voids  observed  in 
the  Detacoupl e*  joi nts  were  in  the  vortex  areas.  Since  the 
steel  and  aluminum  interface  represents  the  primary  area  for 
probable  galvanic  attack,  the  remainder  of  this  discussion 
will  concentrate  on  it  exclusively. 

Figure  18  is  an  enl arged • pi cture  of  the  steel -al umi num 
interface  profile  utilizing  the  same  sample.  Particularly 
noteworthy  here  are  the  sections  of  material  that  have 
neither  the  rough  eroded  texture  of  the  aluminum  nor  the 
smooth  surface  of  the  steel.  These  areas  have  a gray  appear- 
ance in  the  figure  and  are  located  in  the  interface  and 
vortices.  This  material  is  actually  melt  from  the  metal 
surfaces,  formed  during  cladding  due  to  the  high  energy  of 


Figure  18.  7x  binocular  photomicrograph  of  steel- 
aluminum  bond  (aluminum-top,  steel- 
bottom).  Sample  held  in  bakelite  mount. 


collision  [26].  Figures  19  and  20  are  higher  magnification 
of  one  of  the  steel  waves.  The  shape  and  location  of  the 
melt  illustrates  the  fluidity  at  the  interface  during  forming. 
Two  small  voids  are  also  evident.  Voids  of  this  size  would 
normally  not  be  noticed  in  selecting  representative  samples. 
The  actual  samples  used  had  similar  profiles  but  were  not  as 
readily  discernible  because  they  were  not  polished. 

The  standard  test  samples  were  finished  with  #50  grit 
sandpaper.  Figure  21  shows  the  interface  running  vertically, 
with  the  aluminum  on  the  right.  The  surface  appearance  is 
characteristic  of  all  samples  in  their  unexposed  state. 

Sanding  was  accomplished  from  left  to  right  and  was  intended 
to  be  as  nearly  perpendicular  to  the  overall  interface  plane 
as  possible.  In  the  center  right  of  the  picture,  some  sand- 
ing grooves  tend  to  cover  other  grooves.  This  feature 
becomes  more  difficult  to  distinguish  farther  away  from  the 
interface  and  at  higher  magnifications.  The  aluminum  is 
obviously  much  more  deeply  grooved  than  the  steel  and  appears 
to  be  somewhat  recessed  from  the  level  of  the  steel.  Both 
of  these  features  are  quite  reasonable,  given  that  1100 
aluminum  is  a much  more  malleable  metal.  Particles  of  the 
worked  metal  and  sanding  material  can  be  seen  at  the  inter- 
face. The  surface  profile  seen  may  be  very  distinct;  but 
since  the  bonded  joints  are  truly  three-dimensional,  a com- 
pletely different  profile  might  reasonably  exist  at  a 
relatively  short  distance  into  the  metal.  Therefore  care 
must  be  exercised  before  attributing  an  apparent  undercutting 
of  one  bond  face  surface  or  another  to  a corrosion  process. 
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50x  B&L  Bench  Metal lograph  photo  of 
steel  wave  and  melt.  Dark  porous 
material  around  the  top  is  aluminum. 
White  material  is  steel.  Gray 
material  is  melt. 
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Examination  of  the  aluminum  side  of  a sample,  Figure  22, 
shows  a very  rugged  surface  contour.  Here  again,  the  over- 
lapping of  sanding  grooves  can  be  seen.  The  aluminum  can 
generally  be  distinguished  from  the  steel,  in  the  as-sanded 
condition  (Figure  23)  by  the  degree  of  roughness  of  the 
surface.  The  steel  tends  to  have  a more  gently  curved  appear- 
ance with  occasional  sharp  edge,  while  the  aluminum  shows 
deep  grooving,  many  ridges,  and  a generally  jagged  surface. 

B.  SHORT  TERM  EXPOSURE 

All  samples  were  placed  in  the  testing  tank  at  the  initia- 
tion of  the  experiment.  At  predetermined  time  intervals 
one  sample  from  each  wheel  was  removed,  rinsed,  and  mounted. 
After  mounting,  each  sample  would  be  viewed  with  the  binocular 
microscope  to  observe  gross  surface  effects,  and  then  with  the 
SEM  to  examine  micro-activities.  Comparison  photographs  of 
similar  areas  on  each  sample  were  taken,  at  corresponding 
magnifications,  in  an  attempt  to  correlate  the  number  of 
spray  exposures  to  the  amount  of  corrosion.  The  first  two 
samples  were  removed  after  30  minutes.  This  corresponded 
to  six  sprayings  of  one  sample  and  15  of  the  other.  At  the 
interface  region  on  both  samples,  a visible  band  has  developed 
on  the  aluminum  side.  Figures  24  and  25.  The  aluminum  in  this 
band  appeared  to  be  somewhat  less  jagged  but  still  had  the 
same  general  grooving  detail  as  the  aluminum  farther  away. 

It  is  believed  that  this  effect  is  due  to  the  aluminum  imme- 
diately adjacent  to  the  bond  behaving  anodically  with  respect 
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to  the  steel  and  experiencing  accelerated  deterioration. 

The  corrosion  attacked  the  sharpest  features  most  severely 
but  removed  metal  generally  throughout  the  bond.  Thus  the 
ruggedness  of  the  surface  appears  decreased.  As  the  dis- 
tance from  the  interface  increased,  the  galvanic  couple  had 
less  affect  and  the  concentrated  deterioration  decreased, 
while  at  the  interface  the  line  of  demarcation  sharpened. 
Although  the  two  samples  had  contour  differences,  there 
did  not  appear  to  be  any  significant  differences  at  the  bond 
that  were  attributable  to  variances  in  the  number  of  spray 
exposures.  Figure  26  is  a picture  of  the  bond  at  a higher 
magnification.  The  right  side  of  the  corrosion  belt  is  out- 
side of  the  view  of  the  picture.  Localized  anodic  dissolu- 
tion pitting  appears  in  the  aluminum  next  to  the  bond, 
about  3 cm  from  the  top  of  the  picture.  In  this  photograph 
an  almost  indiscernible  haze  film  extends  for  a relatively 
short  distance  on  both  sides  of  the  interface.  For  this 
exposure  time,  neither  specimen  showed  significant  differ- 
ences from  the  unexposed  samples  in  the  area  on  the  alumi- 
num further  from  the  bond.  Figures  27  and  28.  On  the  steel 
side  of  the  samples,  the  specimen  with  the  fewest  sprayings 
appeared  similar  to  the  unsprayed  sample  at  340x,  Figure  29, 
while  the  more  frequently  sprayed  sample  showed  the  first 
signs  of  rust  deposit  formation.  Figure  30.  No  evidence  of 
general  film  or  scale  formation  was  observed  on  the  steel, 
even  when  examined  up  to  5000x. 
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Figure  26. 


250x  SFK  picture  of  bond  area  and  corro 
sion  belt  showing  localized  anodic  dis- 
solution after  30-minute  exposure  and 
15  sprayings  (SteeW-^Al ) . 
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Figure  28 


320x  SEM  photograph  of  aluminum  away  from 
interface  after  30-minute  exposure  and 
six  sprayings. 
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The  next  pair  of  samples  were  removed  after  one  hour, 
with  12  and  30  sprayings  respectively.  Again  a corrosion 
belt  was  visible  near  the  interface.  Figure  31,  but  it 
seemed  to  disappear  in  some  areas.  The  aluminum  within 
this  bond  appeared  smoothed,  with  distinct  ridges  separat- 
ing it  from  both  the  steel  and  the  rest  of  the  aluminum. 
Small  clumps  of  pebble-shaped  rust  deposits  could  be  seen 
near  the  interface  on  the  sample  that  received  more  spray. 
When  viewed  at  a lower  magnification  the  steel  side  of  the 
interface  showed  a build-up  of  an  almost  transparent  film 
with  a few  tiny  specks  of  rust  popping  through.  The  film 
build-up  was  much  thicker  in  places.  Figure  32,  and  could 
be  seen  as  a white  trail  originating  at  the  interface.  This 
was  probably  due  to  precipitation  of  the  oxide  compounds 
formed  at  the  interface  but  carried  over  to  the  steel  by 
gravitational  flow  of  the  solution.  Enlarged  views  of 
these  areas  show  a build  up  of  snowflake-like  particles  be- 
ginning immediately  at  the  interface  on  the  steel,  but  a 
complete  absence  of  these  particles  on  the  aluminum.  Fig- 
ures 33  and  34.  In  Figure  35,  the  interface  was  enlarged 
to  1300x.  At  this  magnification  a distinct  area  of  micro- 
anodic  activity  can  be  seen.  Slightly  to  the  top  left  of 
center  in  this  picture  there  is  a relatively  deep  valley  in 
the  aluminum  adjacent  to  the  bond  face.  The  white  trail 
previously  described  was  located  near  this  pit.  As  one 
might  expect,  areas  of  high  interface  activity  generally 
were  adjacent  to  heavy  deposit  trails.  Again,  for  this 
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Figure  31.  1 7 5x  SEM  photograph  of  the  interface 

illustrating  the  corrosion  band  and 
small  clumps  of  rust  after  one-hour 
exposure  and  30  sprayi  ngs  - ( Steel-4— ► Al ) . 


Figure  33.  250x  SEM  picture  of  interface  showing 

small  deposits  on  steel  after  one-hour 
exposure  and  12  sprayings  ( Steel-*— *-Al ) . 


llOOx  SEM  photograph  of  interface  showing 
snowflake-like  build-up  on  steel  with  no 
build-up  on  the  aluminum.  Sample  had  one-hour 
exposure  and  12  sprayings  (Steel-* — ►-A1). 


Figure  34 


exposure  time,  very  little  change  from  the  unexposed  samples 
was  observed  on  the  steel  away  from  the  bond.  It  did  have 
small  rust  deposits  and  the  previously  mentioned  trails, 
but  no  general  coating  was  observed  up  to  5000x.  Trace  scal- 
ing did  begin  to  appear  on  both  aluminum  samples  at  about 
2000x.  Even  though  this  scaling  was  small,  the  jagged  edges 
and  ridges  on  the  aluminum  began  to  appear  to  be  covered  with 
a hazy  film.  Figures  36  and  37. 

During  examination  of  surface  particles  of  alumina  ( A 1 £0 3 ) 
and  iron  oxide  (Fe20.j),  the  PGT-1000  was  often  used.  By  using 
high  magnification  and  isolating  the  beam  on  one  of  these 
particles,  the  energy-dispersed  x-ray  spectrum  from  the  base 
metal  underneath  them  could  be  nearly  eliminated.  This  analy- 
sis did  not,  of  course,  unambiguously  determine  the  compounds 
that  were  deposited,  but  the  base  metal  (A1  or  Fe)  from  which 
they  derived  could  be  determined.  For  example,  in  the  case 
of  the  deposits  previously  seen  in  Figures  33  and  34,  even 
though  the  white  trail  was  physically  located  on  the  steel, 
the  x-ray  spectrum  indicated  an  aluminum-based  compound,  and 
it  could  be  surmised  that  the  deposits  were  most  likely  alumina, 
A 1 2^3*  identuy  of  the  previously-mentioned  small  pebbly 

clumps  as  iron  oxide,  rust,  was  ascertained  in  a similar 
fashion.  Unlike  the  alumina  deposits,  the  iron  oxide  par- 
ticles were  located  on  a base  metal  that  would  give  a similar 
readout  on  the  x-ray  analyzer.  Therefore  the  size,  shape 
and  location  of  the  particles  were  correlated  with  those  of 
particles  viewed  on  the  same  samp le  under  the  binocular 
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microscope,  where  the  deposits  were  seen  to  have  a typical 
iron  oxide  rust  color. 

Two  more  samples  were  removed  after  two  hours  total 
exposure.  For  all  practical  purposes  these  samples  had 
nearly  identical  corrosion  development.  This  proved  to  be 
the  case  for  subsequent  samples  al so ; and , therefore , di sti no- 
tions will  no  longer  be  made  between  one  sample  and  another 
on  the  basis  of  frequency  of  spraying.  Samples  will  be 
identified  only  by  the  duration  of  their  exposure.  One 
sample  of  each  lot  will  be  described, and  only  the  unusual 
features  of  the  other  sample  will  be  noted. 

The  two-hour  samples  still  showed  some  signs  of  a belt 
corrosion  zone.  Figure  38,  but  the  belt  did  not  extend  over 
as  much  of  the  length  of  the  interface  as  it  previously 
did.  Beyond  this  band  on  either  side,  definite  signs  of 
corrosion  and  deposit  build-up  were  evident.  This  was 
especially  true  on  the  aluminum  side.  Heavy  deterioration 
of  the  sanding  fringes  and  most  rugged  regions  could  be 
seen.  Moving  along  the  interface  line,  it  became  evident 
that  sections  of  the  bond  area  had  become  almost  completely 
covered  with  corrosion  products.  In  Figure  39  some  grooves 
in  the  aluminum  can  be  seen  to  be  partially  covered  near 
the  interface  while  others  are  completely  obscured.  In  the 
upper  part  of  the  picture  the  surface  shows  a hazy  contrast, 
similar  to  the  light  cloud  cover  often  seen  from  airplane 
windows.  While  the  surface  markings  can  still  be  observed 
through  this  hazy  film  formation,  it  is  apparent  that  it  is 
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increasing  in  thickness  and  is  nearly  opaque  in  places.  A 
similar  process,  though  somewhat  less  dramatic,  was  taking 
place  generally  over  all  of  the  aluminum  surface.  The 
aluminum  shown  in  Figure  40  still  has  definite  grooving 
marks,  but  much  of  the  contour  runs  across  these  marks, 
thus  indicating  growth  subsequent  to  sanding.  The  overall 
surface  appearance  is  hazy,  and  has  fewer  recognizable 
features.  The  same  general  hazy  overcast  appearance  is 
present  on  the  steel.  Along  with  this  is  a marked  increase 
in  the  rusting  activity.  Macroscopi cal ly , after  two  hours, 
rusting  was  visible  to  the  naked  eye.  Figures  41,  42  and 
43,  in  order  of  increasing  magnification,  show  a typical  area 
of  steel  with  nodular  groupings  of  rust.  The  nodules  appear 
to  be  closely  grouped  spherical  pebbles  at  low  magnification. 
The  same  characteristic  shape  is  observed  when  very  small 
groupings  are  viewed  at  high  magnification.  Figure  42.  The 
growth  seems  to  locate  close  to  surface  irregularities  on 
the  steel.  As  the  spheres  grow  in  size  some  tend  to  split 
open  like  clam  shells.  At  lower  magnification,  the  opened 
ones  appear  to  have  dark  spots  in  the  middle.  Figure  43 
shows  some  larger  particles  at  higher  magnification. 

At  the  end  of  six  hours  of  exposure  the  interface  area 
had  become  heavily  covered  with  corrosion  product.  The 
aluminum  grooves  could  still  be  seen  in  places,  but  for  the 
most  part  the  bond  interface  had  actually  been  obscured  by 
the  deposit  of  alumina.  Pinpointing  the  actual  interface 
was  nearly  impossible  because  of  the  buildup,  but  the  growth 
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exhibited  some  of  the  contour  of  the  surface  beneath  it,  so 
that  examinations  in  the  proximity  of  the  interface  were 
possible.  Figure  44  shows  the  surface  scale  in  and  around 
the  bond.  Higher  magnification  views  of  this  rough  area 
tended  to  yield  very  little  information.  A picture  of  a less 
rugged  segment  of  the  bond  area  is  shown  at  1350x  in  Figure 
45.  The  larger  scale  formations  on  the  left  conform  closely 
to  those  previously  seen  on  the  steel  side  of  the  bonds.  The 
clear  break  in  levels  seems  to  indicate  that  the  intermediate 
formation  is  over  the  aluminum.  This  is  indicated  to  be  the 
case  by  the  appearance  of  the  aluminum  grooves  at  the  top 
right.  The  alumina  seems  to  be  settling  out  and  gradually 
filling  in  the  corrosion  band.  The  intermediate  level  can 
be  seen  to  have  a checked  appearance  similar  to  the  steel, 
but  with  the  scales  much  smaller  in  size.  This  same  type  of 
formation  seems  to  be  covering  the  aluminum  in  general,  as 
seen  in  Figure  46.  The  individual  scales  are  nearly  invisible 
at  this  magnification  but  when  the  picture  is  enlarged  they 
become  very  prominent.  The  texture  of  the  alumina  film  at 
2800x  looks  quite  similar  to  that  of  a head  of  cauliflower. 
Figure  47.  Not  surprisingly,  a similar  morphology  exists  on 
the  open  areas  between  the  rust  pebbles  on  the  steel.  Figure 
43.  This  indicates  that  eventually  the  alumina  tends  to 
precipitate  out  on  the  entire  sample. 

After  12  hours  of  exposure  the  interface  was  virtually 
covered  with  alumina  deposit.  The  size  of  the  scales  on  the 
steel  near  the  interface  was  generally  larger  but  those  on 
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305x  SEM  picture  of  bond  area  after  six 
hour  exposure  shows  heavy  corrosion 
obscuring  the  interface  ( Steel-*— ^A1 ) . 
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1 3 50 x SEM  photograph  of  bond  area 
after  six-hour  exposure  showing 
general  scale  growth  on  the  steel 
and  a base  scale  growth  starting 
cover  the  aluminum  (Steel-*  »-Al). 


the  aluminum  were  beginning  to  grow.  Surface  features, 
though  still  generally  recognizable,  were  becoming  far  less 
distinct.  Figures  49  and  50  show  the  bond  areas  at  differ- 
ent magnifications.  The  scale  formations  of  alumina  were 
still  not  apparent  at  240x  after  12  hours  even  though  the 
surface  appears  to  be  covered.  Figure  51.  At  2400x  the 
by  now  familiar  dri ed-and-checked-pai nt  appearance  again  can 
be  seen.  Figure  52.  On  the  steel  side  of  the  samples,  the 
alumina  film  appears  to  have  formed  a nearly  continuous 
coating  over  the  entire  surface.  Figure  53,  with  interspersed 
appendages  of  iron  oxide.  Figures  54,  55  and  56  show  that 
the  alumina  film  actually  exists  right  up  to  and  perhaps 
underneath  the  rust  particles.  The  rust  may  have  formed 
prior  to  the  alumina  film,  or  broken  through  the  cracks  after 
the  film  had  formed. 

Subsequent  samples  were  removed  at  the  one-  and  two-day 
points  to  the  experiment.  Examination  of  these  specimens 
indicated  that  the  coverage  of  the  alumina  film  was  practi- 
cally complete.  The  size  of  the  scales  continued  to  increase, 
and  on  the  one-day  samples  was  visible  down  to  about  300x  at 
the  interface,  and  down  to  about  160x  on  the  aluminum  far- 
ther away.  Figures  57,  58  and  59.  Figure  60  is  a low 
magnification  picture  of  the  steel  side  of  the  sample  after 
two-day  exposure.  Clearly,  the  rusting  has  greatly  increased 
even  though  the  alumina  had  formed  a film  on  the  steel. 

Figure  61  shows  a ferric  oxide  growth  initiating  through  the 
alumina  film. 
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Figure  55.  2050x  bEM  picture  showing  iron  oxide 

growth  through  film  of  alumina  on  steel 
after  12-hour  exposure. 
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C.  LONG  TERM  EXPOSURE 


Once  passivation  between  one  and  two  days  became  evident, 
samples  were  removed  weekly  up  to  nine  weeks.  During  the 
first  two  weeks,  examination  of  the  samples  indicated  that 
rusting  on  the  steel  continued,  as  expected,  and  that  corro- 
sion at  a few  interface  locations  persisted  in  spite  of  the 
passivating  alumina  film.  At  first  this  corrosion  at  the  in- 
terface was  attributed  to  sample  imperfections  or  abnormali- 
ties. Upon  comparative  examination  of  second-  and  third- 
week  specimens,  it  began  to  appear  that  the  samples  not  only 
had  pockets  of  continued  corrosion  but  that  these  pockets 
located  themselves  in  relatively  standard  positions  with  re- 
spect to  the  wave  line.  Therefore  all  samples  exposed  from 
three  to  nine  weeks  were  examined  as  a group  to  better  cate- 
gorize the  commonalities  among  them.  Contrary  to  what  was 
anticipated,  the  corrosion  and  formations  observed  did  not 
appear  to  be  directly  related  to  the  exposure  times.  That 
is,  while  samples  at  seven  weeks  exposure  had  more  corrosion 
than  those  at  three  weeks  exposure,  the  samples  at  four  and 
five  weeks  exposure  had  more  corrosion  than  some  exposed 
longer.  The  location  of  the  corrosion  on  each  sample  was  com- 
mon, while  the  extent  of  corrosion  seemed  to  differ  from 
specimen  to  specimen.  Therefore  for  this  discussion,  the  ex- 
posure durations  will  be  mentioned  briefly  to  identify  the 
specimens,  while  the  major  emphasis  will  be  on  describing 
features  of  commonality  among  the  group. 

Figure  62  is  a low  magnification  picture  of  a five-week 
specimen.  In  this  picture,  the  waves  formed  during  bonding 


Figure  62.  28x  SEM  picture  of  bond  zone  on  five-week 

exposure  specimen  showing  scaly  corrosion 
product  and  void  (A!  over  Steel). 
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proceed  from  right  to  left.  The  large  scaly  white  area 
typifies  one  form  of  continued  corrosion  appearing  on  all 
of  the  long  term  samples.  Using  the  identifiable  features 
of  the  interface  in  the  picture  and  the  knowledge  of  the 
general  shape  of  the  steel  waves  as  a guide,  this  corrosion 
formation  appears  to  be  located  on  the  back  of  one  wave  near 
the  front  of  a prior  wave.  While  the  sample  surface  in  this 
area  is  concealed,  it  appears  that  the  source  of  the  forma- 
tion is  near  or  at  the  bond  interface.  The  dark  hole  in  the 
center  of  this  white  formation  is  shown  enlarged  in  Figure 
63.  The  previously  discussed  hydrated  alumina  scaling  is 
obvious  through  the  hole.  The  white  corrosion  product  ap- 
parently has  deposited  over  this  initial  film  and  formed 
larger  scales.  The  larger  scales  show  a pebbly  contour  simi- 
lar to  the  underlying  film.  Figure  64  is  a picture  of  the 
same  sample,  taken  to  the  right  of  Figure  62;  the  void  shown 
is  the  same  one.  This  void  coincides  with  the  vortex  of  the 
steel  wave.  Obvious  clusters  of  iron  oxide  particles  have 
formed  on  the  wave  and  partially  outline  its  crest  and  for- 
ward trunk.  There  was  a complete  lack  of  further  corrosion, 
other  than  rust,  around  the  void  in  this  sample,  and  this 
was  generally  the  case  for  all  samples.  Still  further  right 
of  the  void  in  this  sample.  Figure  65,  another  mushrooming 
corrosion  growth  can  be  seen.  Also,  the  wave  crest  and  trail- 
ing side  can  be  distinguished  here,  starting  about  500  \im 
above  the  void  and  proceeding  right,  to  the  corrosion  growth. 
In  this  trailing-edge  area,  the  passivation  appears  to  have 


Figure  63.  280x  SEM  picture  of  alumina  layer  beneath 

second  corrosion  product  film  on  five-week 
exposure  sample  (Steel  surface). 
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taken  place  as  described  in  the  short  term  corrosion  section. 
Generally  speaking,  this  area  on  all  the  long  term  samples 
appeared  to  have  maintained  the  alumina  film.  Figure  66 
shows  a higher  magnification  of  this  area.  The  surface  mor- 
phology in  this  zone  has  changed  somewhat,  but  the  basic 
passivated  condition  seems  to  persist.  Moving  slightly  to 
the  right  on  the  sample,  the  mushroom-shaped  corrosion  prod- 
uct described  in  Figure  65  can  be  seen.  In  Figure  67,  the 
SEM  imaging  is  adjusted  such  that  the  growth  is  highlighted 
at  the  expense  of  the  background  surface  detail.  In  doing 
so,  it  can  be  seen  that  the  product  growth  previously  men- 
tioned in  this  section  does  not  adhere  closely  to  the  surface 
at  its  source.  Whenever  a growth  of  this  type  appeared,  it 
would  be  raised  above  the  general  surface  around  it.  The 
process  seemed  to  initiate  with  a crusty  surface  formation, 
followed  by  continued  corrosion  under  a segment  of  that  crust. 
The  products  beneath  this  segment  continued  to  form,  thereby 
lifting  a portion  of  it,  yielding  a mushroom  profile.  A 
second  type  of  corrosion  was  generally  evident  on  the  long 
term  exposure  group. 

Figures  68,  69  and  70  show  a succession  of  pictures  of  a 
nine-week  sample,  starting  at  the  left  edge  and  proceeding 
across  its  surface.  The  wave  flow  during  formation  on  this 
sample  went  from  left  to  right.  Besides  the  obvious  white 
scaly  formations  of  the  type  just  described,  this  sample 
shows  pitting  taking  place.  Close  study  showed  that  the 
areas  of  the  wave  fronts  and  vortices  that  contained  melt 


ond  zone  passiva 
ave  of  five-week 
ver  Steel). 


Figure  70.  27x  SEM  picture  of  nine-week  exposure 

sample  showing  pitting,  corrosion  product 
growth,  and  wave  outline  ( A 1 over  Steel). 
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'4. 


from  the  explosive  formation  were  selectively  corroded  away 
on  the  long  term  specimens.  This  wasn't  observed  on  the 
previous  specimen  because  the  vortex  was  devoid  of  melt. 
Penetration  seemed  to  be  quite  deep  but  the  bottoms  of  the 
pits  were  still  clearly  visible.  Obviously  no  precipitation 
of  a corrosion  product  of  the  melt  took  place  at  the  pitting 
sites.  This  represented  a second  and  quite  different  type 
of  corrosion  found  in  the  long  term  exposure  group. 
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IV.  CONCLUSIONS 


The  following  conclusions  have  been  reached  as  a result 
of  this  study: 

1.  The  explosively  bonded  triclad  transition  joint 
known  as  Detacoupl i®i s susceptible  to  galvanic  attack  at 
the  aluminum  to  steel  interface  when  exposed  to  a periodic 
artificial  sea  water  spray  environment. 

2.  Accelerated  anodic  dissolution  occurs  in  a narrow 
band  on  the  1100  aluminum  at  its  interface  with  the  steel. 

3.  Both  aluminum  and  steel  experience  single  metal 
electrochemical  corrosion  while  in  a periodic  artificial 
sea  water  spray  environment. 

4.  The  aluminum  ions  in  solution  combine  with  0H~  ions 
to  form  hydrated  alumina,  AlgO^xHgO,  or  aluminum  hydroxide, 
A1 ( OH ) 3 , and  tend  to  precipitate  out  on  the  metal  surfaces. 

5.  Gravitational  flow  of  the  electrolytic  solution 
allows  these  compounds  of  aluminum  to  deposit  on  both  the 
aluminum  and  the  steel. 

6.  The  hydrated  alumina  (aluminum  hydroxide)  tends  to 
form  a film  on  the  aluminum  and  passivate  it. 

7.  The  anodic  interface  band  tends  to  fill  with  the 
aluminum  compounds  and  passivate. 

8.  Iron  oxide,  rust,  forms  on  the  steel  in  spite  of 
the  alumina  film  formation. 
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9.  Not  all  areas  of  the  bond  zone  are  passivated.  Con- 
tinued corrosion  occurs  at  certain,  apparently  more  highly 
reactive,  locations  between  wave  crests.  The  exact  source 
of  this  corrosion  is  unknown. 

10.  Melt  formations  within  the  steel  wave  vortex  area 
and  at  the  bond  interface  tend  to  be  preferenti al  ly  corroded. 


V.  RECOMMENDATIONS 


The  results  of  this  study  are  of  some  assistance  in 
understanding  the  passivating  process  of  the  hydrated 
alumina  film  on  the  Detacouple  transition  joint.  Much  fur- 
ther study  is  necessary  though,  to  fully  explain  all  of 
the  corrosion  processes  that  were  observed.  In  particular, 
future  investigations  should  focus  on  the  following: 

1.  The  mushroom-shaped  corrosion  buildup  between  wave 
crests  appears  to  be  very  common.  The  extent  and  exact 
location  of  the  material  damage  caused  by  this  continued 
corrosion  should  be  determined  as  a function  of  time  and 
envi ronment. 

2.  The  melt  material  in  the  bond  zone  is  corroded  away 
in  a sea  water  spray  environment.  The  characteristics  of 
the  melt  should  be  studied  so  that  its  formation  during 

the  bonding  process  could  be  minimized. 

3.  Mechanical  testing  should  be  performed  on  Detacouple'0' 
joints  after  they  have  been  exposed  to  the  sea  water  spray 
environment.  This  study  would  help  determine  the  detri- 
mental effects  of  the  two  types  of  continued  corrosion 

ci ted. 

4.  A study  to  characterize  the  explosion-bond  profile 
as  a function  of  distance  in  from  the  surface  should  be 
undertaken.  This  study  would  be  designed  to  determine  the 
nominal  penetration  of  such  surface  profile  defects  as  melts 
and  voids. 
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